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We present an efficient metiiod to control ttie spatial modes of entangled photons produced 
through SPDC process. Bi-photon beam propagation is controlled by a deformable mirror, 
that shapes a 404nm CW diode laser pump interacting with a nonlinear BBO type-I crystal. 
Using such adaptive optics the propagation the biphoton field is optimized, exploiting a 
feedback signal extracted from the two photon coincidence rate and used to modify the 
pump wavefront. We also demonstrated the enhancement of the biphoton wavefunction 
coupling into single spatial modes. 



The importance of pump wavefront on the generation 
of entangled photons in Spontaneous Parametric Down 
Conversion (SPDC) process has been theoretically stud- 
ied in the nineties [1,2]. Deformable mirrors are key de- 
vices for the modification of the pump wavefront allowing 
a full control of the pump beam. Recently, deformable 
mirrors have been used in a several experiments in quan- 
tum optics [3-5] . In this work we experimentally exploit 
the potentialities of a deformable mirror in the SPDC 
coupling, by realizing an experiment in which we shape 
and control the pump wavefront in order to optimize the 
divergence of correlated two-photon pairs along 2m of 
free propagation. 

In the SPDC process, a pair of photons (signal and 
idler) is probabilistically emitted from a nonlinear crys- 
tal shined by a pump laser beam. The main goal of 
the present manuscript is the demonstration that ma- 
nipulation of pump wavefront with a deformable mir- 
ror could shape the produced down-converted beams. In 
particular, we will demonstrate the optimized diffraction 
in the propagation of one of the two SPDC photons. 
Since down-converted light retains the properties of of 
the pump wavefront, the effect of wavefront shaping on 
the pump beam is induced on the biphoton wavefunc- 
tion. By considering the pump beam propagating in the 
z direction, it is possible to show [6] that the bi-photon 
wave function can be written as 
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In the previous equations L is the crystal length, and 
kg are the transverse momentum coordinates of the sig- 
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Fig. 1. Schematic representation of the experimental 
setup. The AOAnm laser passes through a Galilean tele- 
scope (lenses D and C, with fjj = —250mm, fc = 
500mm). After reflection on the deformable mirror 
(DefM), the beam is focused onto a non-linear crystal 
(NL) by the lens F {fp = 287mm). A dichroic mir- 
ror (DM) sends 10% of the pump to a wavefront sen- 
sor (WFS) to measure its shape. The 808nm SPDC 
photons are collimated by an achromatic doublet AD 
if AD = 75mm) and sent to fiber coupling FC after 
Zi = 0.5m and Z2 = 2m of free space propagation. 
Finally, SPDC light is measured by two SPADs and co- 
incidences are put in feedback with deformable mirror 
by Ant evolutionary algorithm. 



nal and idler photons, Ap{k^uj) is the pump profile in 
the momentum-frequency space and Akz is the (longitu- 
dinal) phase mismatch Ak^ = kpz — ksz — ki^^ while the 
term JV = cqx^'^'^ LpEsEi/ {2ih) is a function of E", the 
fields strengths. 

From the previous equations it is clear that changes 
in the pump profile Ap{k^uj) result in changes in the 
biphoton wave function. Therefore, slight modulations 
in pump wavefront result in substantial alterations in 
coincidence counting rate, which can be used as a trace 
for a well-collimated beam. Consequently, the search for 
a suitable wavefront, which can produce low divergence 
SPDC beams, can be achieved by fiber coupling opti- 
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Fig. 2. Coincidence evolution provided by the algorithm 
steps. Ant algorithm maximizes the coincidence counts 
as explained in the text. As a result of the algorithm, a 
pattern converging to an asymptotic value is achieved. 
Solid black lines illustrate the average values of initial 
and final coincidence counts measured over 60s of expo- 
sure time. 



mization. Such a task can be solved by the use of an 
evolutionary algorithm, which puts in feedback the ac- 
tion of the mirror with coincidence counting rate. 

Let's now describe the setup used in the experiment, 
shown in Fig. 1. In order to generate the SPDC pho- 
tons we use a 404nm laser that pumps a nonlinear /3- 
barium borate (BBO) type-I crystal (NL). The wave- 
form modulation of the pump beam is achieved by the 
use of a membrane deformable mirror (DefM) [7]. This 
device is an electrostatic-type deformable mirror driven 
by 32 actuators arranged in a honeycomb pattern. The 
mirror has an aperture of 19mm, with an active region 
width of 11mm. As a result, in order to fully exploit the 
mirror capabilities, the pump beam has to match de- 
formable mirror active region. Hence, a beam expander 
is used to double the pump beam diameter (2.5mm of 
initial waist). After being refiected, the beam is reduced 
by a second passage through the beam expander. Also, 
this reverse path provides the amplification of wavefront 
spatial frequencies, thus magnifying the mirror action. 
Then, after the crystal, degenerate SPDC photon pairs 
at 808nm are produced. Each photon is coupled into a 
multi-mode fiber and sent to high-efficiency single pho- 
ton avalanche photodiodes (SPADs) in order to measure 
photon coincidences. 

As a starting point, coincidence signal is manually 
maximized with a plane pump wavefront, which is im- 
posed by the deformable mirror before the F lens. In 
addition, in order to study the two-photon beam diver- 
gence, one mult i- mode fiber is set 2m away from the 
crystal, while the other is put 50cm from the crystal and 
used as a probe. Furthermore, two pin-holes (2mm di- 
ameter) are set along the longer path (Z2) at a distance 
of 1.7m one from the other, so as to select a defined fiight 
direction. 

An adaptive algorithm was set up to control SPDC 
beam divergence over the path defined by the pin-holes. 
Among the vast choice of such algorithms [7] , our chiche 
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Fig. 3. Optimized wavefront compared to initial fiat one. 
The figure illustrates the first four order Zernike com- 
ponents for each wavefront. In the case of fiat wavefront 
{RMS = 0.01), all Zernike terms are less than 0.01/im. 
Whilst, the optimized wavefront exhibits a significant 
growth in both second and third order aberrations. 

was the Ant colony optimization [8], because of its small 
number of free parameters to set, which results in an 
easier calibration of the algorithm [9]. Thus, ant colony 
optimization is employed to enhance the collection ef- 
ficiency of SPDC light and, therefore, to generate the 
SPDC beam with a "diffraction-free" characteristic. In 
addition, optimization is performed by putting the de- 
formable mirror in feedback with coincidence counts. 
Thus, mirror actuators are moved randomly by the al- 
gorithm and coincidences relative to each actuator con- 
figuration are measured. The target is to minimize this 
following quantity: 

/(coinc) = A/'/max(A^, coinc), (3) 

where N stands for a fixed lower bound for coincidence 
counts, while coincidences measured by SPADs are la- 
beled with coinc; in addition < / < 1. is chosen 
arbitrary by the user, however it is usually set at half 
of the initial signal. Turning to function (3), minimiz- 
ing such a function results in maximizing coincidence 
counts (this function corresponds to the shortest path in 
the "Traveling salesman problem" [10]). 

Therefore, minimization is achieved as follows. Each 
actuator configuration is associated to a quantity r called 
trial. After setting an initial value of r for the first pat- 
terns (equal to actuator number), the amount Ar cx 1// 
is calculated and added to r, thus updating trial inten- 
sity. Then, new configurations are chosen with a prob- 
ability proportional to r, thus leading the algorithm to 
select patterns with the highest amount of trial. Con- 
sequently, mirror configurations which minimize / are 
achieved. In addition, when actuator configurations pro- 
vide a value of / less than the previous, this value is 
stored and mirror configuration are saved. Gradually, the 
algorithm explores new actuator patterns, refreshing the 
value of / each time a new minimum is achieved. Over 
time, the optimum configuration is reached, following an 
exponential asymptotical growth as shown in Fig. 2. 

Turning to initial conditions (initial 32 steps of Fig 2), 
patterns providing a nearly fiat wavefront are selected. 
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Fig. 4. Comparison between SPDC beam spots at 1.5m 
from the crystal. Images are achieved with a flat wave- 
front (a) and with the optimized one (b). A substantial 
reduction of beam diameter can be observed. 



This choice is due to the fact that we do not expect 
significant deviations from flat wavefront, since we meas- 
ured that strong aberrations {Ijam of magnitude for each 
component) result in a loss of coincidence signal. Con- 
sequently, we suppose to start from a mirror configu- 
ration, which is not so far from coincidence maximum, 
thus, avoiding any possible stagnation behavior [11]. In 
addition, starting from a "good position" allows to speed 
up algorithm work. For instance, each measurement re- 
quires at least Is in order to achieve a signal to noise 
ratio (SNR) less than 5%. 

Regarding coincidence optimization, several runs of 
the algorithm showed an increase in coincidences by al- 
most 40%. This result means that the system is able to 
adapt SPDC beam size with the apertures defined by 
the pin-holes, thus improving the initial signal. This op- 
timization results from a substantial alteration of the 
pump wavefront, as it is illustrated in Fig. 3. The op- 
timized wavefront is studied in terms of its Zernike co- 
efficient expansion. The most significant one is defocus, 
as expected. Nevertheless, fiber coupling optimization is 
influenced also by higher order terms, such as astigma- 
tism ^2,2 and coma (both Z^^i and Z^^-i). The overall 
effect of these aberrations is shown in Fig. 4, which com- 
pares SPDC beam spot in front of the second pin-hole 
(at 1.5m from the crystal), before (a) and after (b) the 
algorithm run. 

The system provides a substantial reduction of SPDC 
spot size, with the optimized spot being almost one fifth 
on the initial spot. In addition, spot diameter drops from 
almost 3.9mm to about 1.5mm, due to the action of de- 
focus aberration. As a result, the divergence of SPDC 
light beam is corrected by the optimization and the beam 
size is adapted in order to fit pin-hole diameter size. Fur- 
thermore, the shape of the spot changes after the algo- 
rithm run. For instance, the optimized spot is no more 
circular, but it is stretched along diagonal direction be- 
cause of astigmatism and coma aberration. Thus, SPDC 
beam optimization is the result of both defocus aber- 
ration, which compensate SPDC beam divergence, and 
higher order aberrations (astigmatism and coma), which 
contribute to beam collimation over long distance. 

We also tested the algorithm by coupling the radia- 
tion into single mode fibers. In Fig. 5 we show the al- 
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Fig. 5. Coincidence evolution provided by algorithm for 
single mode coupling (we only show the steps increasing 
the coincidences). 



gorithm steps in which the coincidence counts are in- 
creased. Also in this case we measured the coincidences 
in 60s before and after the algorithm optimization. We 
obtained 20780 ± 144 coincidences at the starting point, 
while we achieved 25418 ± 159 by the optimization algo- 
rithm, i.e. the deformation of the mirror allow to increase 
the coincidences by more than 20%. 

In conclusion, we have optimized beam divergence of 
entangled photon pairs so as to obtain "diffraction-free" 
beams over long distances (2m). This result is provided 
by ant evolutionary algorithm which works in feedback 
with the deformable mirror. These devices are capable 
to find the best wavefront to center SPDC light beams 
along a chosen direction and optimize their fiber cou- 
pling over 2m of free propagation. The algorithm is able 
to optimize also the coupling into single mode fiber. Re- 
garding the wavefront imposed by the deformable mirror, 
it is no more flat, but it exhibits both second and third 
order aberrations (in addition to a possible tilt), so as 
to correct bi-photon beam divergence and aberrations 
introduced by the setup. 
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